Studies have suggested that Epithelial-Mesenchymal Transition (EMT) and transformation is an important step in progression to cancer. Par3 (partitioning-defective protein) is a crucial factor in regulating epithelial cell polarity. However, the mechanism by which the latency associated nuclear antigen (LANA) encoded by Kaposi's Sarcoma associated herpesvirus (KSHV) regulates Par3 and EMTs markers (Epithelial-Mesenchymal Transition) during viral-mediated B-cell oncogenesis has not been fully explored. Moreover, several studies have demonstrated a crucial role for EMT markers during B-cell malignancies. In this study, we demonstrate that Par3 is significantly up-regulated in KSHV-infected primary B-cells. Further, Par3 interacted with LANA in KSHV positive and LANA expressing cells which led to translocation of Par3 from the cell periphery to a predominantly nuclear signal. Par3 knockdown led to reduced cell proliferation and increased apoptotic induction. Levels of SNAIL was elevated, and E-cadherin was reduced in the presence of LANA or Par3. Interestingly, KSHV infection in primary B-cells led to enhancement of SNAIL and down-regulation of E-cadherin in a temporal manner. Importantly, knockdown of SNAIL, a major EMT regulator, in KSHV cells resulted in reduced expression of LANA, Par3, and enhanced Ecadherin. Also, SNAIL bound to the promoter region of p21 and can regulate its activity. Further a SNAIL inhibitor diminished NF-kB signaling through upregulation of Caspase3 in KSHV positive cells in vitro. This was also supported by upregulation of SNAIL and Par3 in BC-3 transplanted NOD-SCID mice which has potential as a therapeutic target for KSHVassociated B-cell lymphomas.
Introduction the creation of epithelial cells tight junctions thereby adding significantly to the establishment and maintenance of apical-basal polarity [26] .
In many cancer cell lines, SNAIL-1 and SNAIL-2 (Slug) are considered strong repressors of E-cadherin expression [27] . SNAIL-1 expression is enhanced in bladder cancer [28] . However, there were no significant relationship of SNAIL-1 to E-cadherin expression [29] . Further, another group demonstrated a direct association between SNAIL-1 and Cadherins [29] . Recently, Shin et al demonstrated that over-expression of SNAIL-1 significantly enhanced tumor progression, lymphovascular invasion, lymph node metastases and perineural invasion [30] .
Earlier studies by Gottwein et al showed that Herpesviruses can inhibit p21 expression and attenuates p21-mediated cell cycle arrest [31] . Furthermore, a study from Takahashi et al also suggested that SNAIL represses p21 expression in the process of cellular differentiation [32] . Previous studies have also suggested that NF-kB signaling is important in KSHV-mediated oncogenesis [33, 34] and the family of matrix metalloproteinase (MMPs) (zinc-dependent photolytic enzymes) are involved in many physiological and pathological events associated with the virus [35] . It is also known that numerous modulatory processes are regulated by MMPs to drive malignant progression of cancers. These include induction of cell invasion, release of growth factors, remodeling of ECM, promotion of angiogenesis, or modulation of the local immune responses [36] . Importantly MMP9 a well-studied MMP that induces cell invasion and metastasis in various cancers [37] , was shown to be induced by the EBV oncoprotein, LMP1 [38] . Therefore understanding how these EMT markers are influenced in KSHV-mediated oncogenesis, and specifically regulated through one of the essential viral-encoded latent antigen LANA will provide important clues as to their contribution to viral-associated pathologies.
Results

KSHV infection leads to Par3 up-regulation
Earlier studies from our group investigating KSHV infection of primary blood mononuclear cells (PBMCs) identified a number of genes related to DNA damage and regulators of virus infection [39] . One gene is particular was dramatically changed after KSHV infection. Surprisingly this enhancement was distinctly different from other previously reported genes shown to be important for KSHV-induced oncogenesis. More specifically, we found that infection with KSHV led to an increase of Par3 levels at day 2 and 6 in KSHV infected primary B-cells as seen at the transcript as well as protein levels ( Fig 1A) . Additionally, we also obtained a similar pattern for Par3 expression when we looked at KSHV positive cells compared to KSHV negative cells at both the transcript and protein levels ( Fig 1B) . We further compared mock HEK-293 cells with stable HEK-293-BAC-KSHV cells selected with hygromycin. As expected, we found consistent up-regulation of Par3 in the presence of KSHV (Fig 1C) . These results strongly suggest that Par3 is strongly up-regulated by KSHV and may likely play a key role in viral-mediated cell transformation. Earlier studies have shown the importance of LANA in KSHV infection [23, 40, 41, 42, 43, 44] . To identify the KSHV-encoded antigen responsible for upregulation of Par3, we analyzed the knock-down of LANA in KSHV-positive BC-3 and JSC-1 PEL cell lines. Transcription analysis by quantitative Real-Time PCR showed a consistent drop of greater than 50% in Par3 transcript levels in BC-3 and JSC-1 cell lines stably knocked down for LANA using a Lentivirus shRNA to target LANA (sh-LANA) (Fig 1D) .
LANA interacts and co-localizes with Par3
To investigate whether the regulation of Par3 in KSHV-positive cells is directly linked to LANA expression, we asked whether LANA can associate in a complex with Par3. In HEK-293 cells using ectopic expression, we demonstrated that Par3 was present in a complex with LANA (Fig 2A) . A number of earlier studies showed that LANA is a major transcription factor which is an important contributor to KSHV-mediated oncogenesis [40, 41, 43, 44, 45] . We validated our immunoprecipitation results by exploring this with an in-vitro approach. We used GST pull down assays and in support of the results above, we found that an N-terminal domain of LANA had a stronger binding activity when compared to a C-terminal domain (Fig 2B) . To further support our interaction results between LANA with Par3, we performed endogenous immunoprecipitation assays using Par3 specific polyclonal antibody with the appropriate isotype control in two KSHV-positive PEL cell lines BC-3 and BCBL1 (Fig 2C) . BC-3 and BCBL1 cells showed a stronger signal for Par3 which was also able to specifically immunoprecipitate LANA in Par3 pull down complexes from whole cell lysates. To more closely examine the domain of Par3 responsible for interaction with LANA we generated truncations of Par3 described earlier (Fig 2D) [46] , and performed immunoprecipitation assays (Fig 2E) . Here we show that residues 373 to 653 of Par3 which contains PDZ domains 2 and 3 bound very strongly with LANA when compared to other Par3 regions (Fig 2E) . To further support our association studies between LANA and Par3, we used confocal microscopy to determine colocalization of these two proteins in the B-cell line Ramos (Fig 3C) . The results showed that LANA and Par3 colocalized greater than 60% in these assays in the nuclear compartment ( Fig  3C) . We have also seen that Par3 localization was predominantly in the periphery on the outside of the cytoplasm and cell membrane in the absence of LANA (S1 Fig) . Some signals were seen in the nucleus at a lesser extent (S1 Fig).
LANA can induce nuclear translocation of Par3
Previous studies localized Par3 signals along the periphery of the cell membrane [41] . However, some Par3 signals were also seen in the nucleus suggesting signaling activities that modulate specific cellular processes at the cell membrane as well as in the nucleus [47] . In this study we were interested in determining the localization of Par3 during KSHV infection and more specifically in the presence of LANA. Par3 staining was observed in KSHV negative cells (BJAB and Ramos) to be mostly at the periphery of the cells compared to a shift of the majority of Par3 signals to the nuclear compartment in KSHV-positive cells (BC-3, BCBL1 and JSC-1) ( Fig  3A and 3B) . Moreover, changes in localization of Par3 in the presence of KSHV were consistent across different cell lines although these cell lines may have different genetic backgrounds. Interestingly, around 60% of nuclear Par3 signals was colocalized with LANA although most of the signals were nuclear (Fig 3B) . Additionally, in PBMCs infected with KSHV the localization pattern of Par3 changed predominantly to nuclear compared to control PBMCs on day six ( Fig  3D) . Importantly, the expression of Par3 was also significantly enhanced on KSHV infection when compared to uninfected PBMCs (Fig 3D) .
KSHV-encoded LANA stabilizes Par3
Identifying the strong association of LANA with Par3 indicates a possible functional role for this complex. Therefore we evaluated whether LANA contributed to increased Par3 levels, as well as determining whether an increasing amount of LANA had any significant effects on the expression or stability of Par3. Here HEK-293-BAC-KSHV cells were transfected with sh-LANA to knockdown LANA and a control knockdown vector containing a scrambled sequence as control (Fig 4A) . The results demonstrated that LANA played a role as a crucial regulator of Par3 and may be important for KSHV-induced oncogenesis. Further we evaluated the stability of Par3 in the absence or presence of LANA (Fig 4B and 4C) . Interestingly, we observed that LANA significantly stabilizes Par3 and was consistent in HEK-293 as well as BJAB cells, a B-cell line (Fig 4B and 4C) . However, the mechanism utilized by LANA for the stabilization of Par3 was not previously explored. To address this question we treated cells with the proteasome inhibitor MG132 in the presence or absence of LANA compared to a DMSO control in BJAB cells. The results showed that as expected, Par3 was stabilized in the presence of LANA (Fig 4D) . We further performed cyclohexamide experiments in BC-3-shControl and BC-3-shLANA cell lines to block de novo protein synthesis. A more rapid reduction in Par3 levels were seen in LANA-negative sh-LANA BC-3 cells compared to BC-3 with the sh-RNA control (Fig 4E) . To further confirm our results in LANA knockdown of BC-3, we utilized MG132 in BC-3 sh-Control and sh-LANA with pull down of Par3. As expected, we observed greater degradation of Par3 in LANA knockdown compared to the control BC-3 cell background ( Fig 4F) . This strongly suggested that in KSHV positive cells LANA is a major contributor to stabilization of Par3.
Par3 knockdown leads to delay in cell proliferation
Our studies so far showed that Par3 was up-regulated and stabilized by LANA. Further, Par3 interacted and was predominantly translocated to the nucleus by LANA. Furthermore, we were interested in determining the contribution of Par3 to cell proliferation. Here we used cell growth assays (Fig 5A and 5C ), colony formation assays ( Fig 5B) and cell number determination to evaluate cell proliferation (Fig 5D) . We used Par3 knockdown cells compared to the scrambled controls in HEK-293 and BC-3, BCBL1 cells (Fig 5A and 5C, S2A Fig respectively) . The results showed a moderate inhibition of cell growth and proliferation with knockdown of Par3 when compared to the vector control cell lines (Fig 5A and 5C, S2A Fig) . Interestingly, we observed that in the presence of LANA no induction in cell proliferation in the Par3 knockdown cells was observed when compared to control cells (Fig 5A) . To quantify the proliferation activity we performed cell counting assays for up to 6 days. Cells were selected with puromycin after 24 hour post transfection and plotted for cell density (S2B Fig). Par3 knockdown cells showed a significant drop in growth capabilities compared to the corresponding control cell lines (S2B Fig). We also showed that the efficiency of Par3 knockdown achieved at the transcript level was greater than 80% (S2C Fig). Importantly, Par3 knockdown led to retarded growth patterns in HEK-293 as well as BC-3 and BCBL1 which ranged from 30-75% (Fig 5B  and 5D, S2A and S2B Fig respectively) . In the colony formation assays, we demonstrated that Par3 knockdown resulted in more than a 80% drop in colonies compared to controls (Fig 5B) . Similar to our cell growth assays, the colony formation assays showed a significantly higher number of colonies with LANA in the Par3 knockdown cells (Fig 5B) . In our cell growth assays we measured cell density in BC-3 and BCBL1. There were no dramatic changes. This is likely due to the inclusion of dead cell density in the total cell density as they were not washed off before image processing. However, when counting live cells with Trypan blue the changes were dramatic and Par3 knockdown led to slower cell proliferation (Fig 5C and 5D ). This strongly suggested an oncogenic property of Par3 which is directly regulated by LANA and contributes to progression of KSHV-induced cell proliferation. Additionally, de-regulation of apoptosis by Par3 may also be an important contributor to the control of cell growth and proliferation. Previous studies have demonstrated that genes with oncogenic properties also have anti-apoptotic activity [48, 49, 50] . Here we also observed that knockdown of Par3 led to increased apoptotic activity when monitored by serum starvation or etoposide treatment (S2D and S2E Fig) . 
Status of EMT markers in KSHV infected PBMCs and Par3 knockdown cells
How KSHV-induces EMT markers in B-cell lymphoma have not been previously explored. Par3 was previously described as an important factor for cells to transition from epithelial to mesenchymal [51] . However, this has not been previously explored in B-cell lymphoma. To examine its role in KSHV infected PBMCs, we screened a number of epithelial (E-cadherin, Zo-1, DSP) and mesenchymal (SNAIL, Lef1, B-catenin, Cdh2) markers in KSHV infected PBMCs at day 2 and 7 ( Fig 6A) . Surprisingly, we showed that SNAIL expression was higher compared to other EMT markers ( Fig 6A) . Here LANA was used as a positive control for KSHV infection (Fig 6A) . Further we wanted to explore the interference of Par3 in the presence of KSHV infection. Hence, we evaluated EMT markers in HEK293 stably expressing the BAC-KSHV with shControl, -shPar3 ( Fig 6B) . Interestingly, we showed that Par3 knockdown led to a significant downregulation of SNAIL (Fig 6B) . Additionally, we observed that E-cadherin and Zo-1 levels were elevated in Par3 knockdown cells (Fig 6B) . Moreover, Par3 knockdown in BJAB cells led to SNAIL downregulation and E-cadherin upregulation albeit moderately ( Fig 6C) . These results indicated that SNAIL was positively regulated in KSHV infection through Par3, and that E-cadherin was negatively regulated when compared to the other EMT markers (Fig 6A-6C ).
Epithelial to mesenchymal cell transition markers are modulated by SNAIL and Par3 expression in KSHV infected B-cells
Based on the above data we monitored the localization or expression pattern of E-cadherin and SNAIL in HEK-293 cells and BAC-KSHV infected cells (Fig 6A-6C) . Surprisingly in the presence of KSHV, these EMTs markers were translocated predominantly to the nucleus from the periphery of the infected cells (Fig 7A and 7B ). These results clearly indicate a potential mechanism by which these EMTs markers may be regulated by KSHV encoded antigens after infection. We also observed enhanced signals for E-cadherin in HEK-293 compared to BAC-KSHV infected cells and conversely, SNAIL signals were much stronger in BAC-KSHV infected cells compared to HEK-293 control cells. To corroborate our findings, we performed Western blot analysis for E-cadherin, SNAIL, and MMP9 as well as LANA and Par3. Importantly, the levels of MMP9, SNAIL and Par3 were up-regulated in BAC-KSHV infected cells compared to control cells (Fig 7F) . These results establish that Par3, E-cadherin, SNAIL and MMP9 are contributors to KSHV-mediated activities in the B-cell background.
Previous studies suggested that SNAIL and E-cadherin had opposing roles during EMTs leading to metastasis [29] . In follow-up to this result, we determined the transcript levels of SNAIL and E-cadherin in the B-cell line Ramos expressing increasing amounts of LANA. Here we also found that SNAIL was up-regulated and E-cadherin was down-regulated as the amount of LANA increased (Fig 7C) . In the above studies we demonstrated that KSHV infection of colonies in every plates. (C) Cell growth assays were carried out in BC-3 and BCBL1 cells. As indicated plasmids were transiently transfected and transferred to corresponding flasks. 48 hour post transfection, 50,000 cells were plated for all groups into 6 well plates. Further cell densities were determined. Graphs are presented on the basis of intensity of cells. LiCor Odyssey Scanner was used for scanning the plates. Plotted graph based on cell density. (D) Cell proliferation assays were performed by using Trypan blue staining. 48 hour transfection, cells were counted for day1, 2 and 3 and plotted for live cells accordingly.
doi:10.1371/journal.ppat.1005801.g005
Role of Par3 in KSHV Infection
PBMCs at day 2 and 7 modulated EMT markers. To more closely monitor the expression patterns in KSHV-infected PBMCs, we examined these changes at days 1, 2, 4 and 7 ( Fig 7D) specifically for SNAIL and E-cadherin transcripts ( Fig 7D) . As expected, we showed that Ecadherin expression was significantly induced at day 1 followed by down-regulation through day 7. Notably, SNAIL expression was consistently upregulated from day 1 to 7 ( Fig 7D) , which strengthens our hypothesis that SNAIL and E-cadherin plays an important role in KSHV infection. To determine whether these markers are directly linked to LANA expression, we evaluated the expression of SNAIL, Par3, E-cadherin and MMP9 in LANA knockdown KSHV-positive BC-3 and JSC-1 cell lines (Fig 7E) . Importantly, SNAIL levels was reduced in LANA knockdown KSHV positive cells and so provided another clue as to the mechanism by which SNAIL can be regulated by LANA during KSHV infection (Fig 7E) . The levels of E-cadherin was strongly upregulated in the LANA knockdown cell lines and the level of increase inversely correlated with the degree of LANA knockdown (Fig 7E) . The degree of SNAIL suppression was also directly related to the level of LANA knockdown (Fig 7E) . Importantly, MMP-9 another EMT marker, was also reduced in LANA knockdown cells (Fig 7E) . Similarly, changes in levels of MMP-9, E-cadherin and SNAIL were seen with infection of HEK-293 cells with BAC-KSHV infection (Fig 7F) . Moreover, knockdown of SNAIL in BC-3 compared to a control shRNA showed a dramatic reduction of LANA and Par3 while E-cadherin was upregulated in SNAIL knockdown cells (Fig 7G) . These results strongly supported a positive association of LANA with Par3 and SNAIL as well as a dramatic loss of E-cadherin expression in KSHV infected cells.
Par3 and SNAIL expression were enhanced in KSHV induced tumors in a NOD/SCID xenograft model
To determine if our in vitro findings for Par3 and SNAIL expression correlated with that seen in vivo, we generated tumors in a NOD/SCID mouse xenograft model with KSHV positive BC-3 and KSHV negative BJAB cells (Fig 8A) . Ten million cells were injected intraperitoneally. Mice were sacrificed approximately 5 weeks after injection with BJAB and BC-3 cells (Fig 8B) . Further, the tumors were harvested and subjected to transcript and Western blot analyses ( Fig  8C and 8D) . SNAIL transcripts were substantially upregulated in BC-3 generated tumors compared to BJAB. Similarly, Par3 protein expression was observed more prominently in BC-3 generated tumors compared to BJAB. We also performed IHC in these tumors with primary antibodies against LANA, E-cadherin, Par3, and DAPI for nuclear staining (Fig 8E) . Here we saw enhanced staining for Par3 and LANA in BC-3 induced tumors. However, E-cadherin staining was prominent in BJAB induced tumors but not in KSHV positive BC-3 cells (Fig 8E) . H and E staining was shown for a similar group of tumor tissues capitalize to Fig 8F. Overall, these results clearly showed enhanced expression of Par3 and SNAIL in KSHV positive tumors compared to KSHV negative tumors.
SNAIL bound to the p21 promoter in KSHV positive cells
For a more detailed understanding of the targets of SNAIL in KSHV induced tumors, we investigated the transcription activity of SNAIL on selected promoter regulatory elements. Further, we identified a number of transcriptional target genes of SNAIL along with SNAIL binding sequences in the upstream regulatory regions of genes including p21, pTEN, TGFβ3 and the upstream region of SNAIL itself (Fig 9A-9D ). Earlier studies identified the "CACCTG" signature sequence as the DNA binding sequence of SNAIL [52] , and also reported the importance of SNAIL as a transcription factor for regulation of cellular genes p21, pTEN and TGFB3 [53, 54, 55] . Therefore, we analyzed the upstream region of these genes to identify the binding sequence of SNAIL in KSHV positive cells. We designed multiple primers within the promoter regions for these genes based on their binding residues (Table 1 ). This study was investigated using two physiologically relevant approaches. First, we infected PBMCs with BAC-KSHV purified virus and performed ChIP using SNAIL antibody on day 2 and 5 post-infection ( Fig  9A-9D ). In our second approach, we performed ChIP for SNAIL in BC-3 cells (Fig 9A-9D) . Surprisingly, anti-SNAIL antibody was enriched for DNA within p21 regulatory binding E-cadherin transcripts. (E) Stable LANA knockdown cells were compared to controls for the measurement of Par3, Ecadherin, MMP9 and SNAIL. LANA blots were used as a positive control to monitor its expression in cells, and GAPDH was used as a protein loading control. (F) HEK-293-BAC-KSHV compared to HEK293 cells were evaluated at the protein levels for the expression of Par3, E-cadherin, MMP9 and SNAIL. LANA blots were used as a positive control for the expression of cells and GAPDH was used as a protein loading control. (G) SNAIL knockdown in BC-3 cells were evaluated with control vector for the measurement of the expression of LANA, Par3, and E-cadherin. GAPDH was used as a protein loading control.
doi:10.1371/journal.ppat.1005801.g007
Role of Par3 in KSHV Infection regions 3 and 4 along with SNAIL regulating binding regions 4 and 5, respectively (Fig 9A and  9B) . These regions were found to be enriched for SNAIL binding sites in KSHV infected cells compared to uninfected PBMCs. These results suggest that SNAIL can regulate p21 expression in infected B-cells and can contribute to KSHV induced B-cell oncogenesis. Interestingly, pTEN and TGFB3 did not show any detectable differences in KSHV induced B-cell lymphoma when compared to KSHV infected PBMCs (Fig 9C and 9D) . Additionally, we probed the promoter activity of p21 in BJAB cells (Fig 9E) . As expected SNAIL knockdown led to upregulation of the p21 promoter activity compared to control vector (Fig 9E) . This result clearly emphasized the effect of SNAIL binding at the promoter region of p21 important for its regulation. Knockdown of SNAIL was confirmed through Western blot (Fig 9F) . GAPDH was used as a protein loading control (Fig 9F) .
SNAIL is involved in NF-kB mediated signaling in KSHV positive cells SNAIL can regulate itself and deregulates p21 in KSHV positive cells. It was important to explore other downstream targets which may be important for oncogenesis. Additionally, previous studies demonstrated the importance of NF-kB in KSHV-induced tumors [56] . Additional studies showed that p21 down-regulation was found to be critical for NF-kB-mediated oncogenesis [57] . This prompted us to follow-up on our current data above to more closely understand the link between p21 and NF-kB in KSHV positive cells. Interestingly, in other studies we also observed that small molecules inhibitors targeted EBV and KSHV lymphoma cells through the NF-kB pathway [58] . Here we analyzed BC-3 cells in the presence of a SNAIL inhibitor, as a KSHV positive cell line compared to the KSHV negative cell line BJAB (Fig 10A  and 10B) . Interestingly, we observed that in the presence of a SNAIL inhibitor the levels of NF- kB (p65 and p50) in BC-3 cells was significantly diminished. However, this reduction was significantly less in KSHV negative BJAB cells (Fig 10A and 10B) . Similarly, NF-kB (p65) levels were substantially down in sh-LANA, compared to vector control in BC-3 cell background ( Fig  10C) . Earlier, several studies suggested that NF-kB can regulate SNAIL at the transcriptional and post-translational levels [59] . To investigate if this holds up in KSHV positive cells we utilized the proteosome inhibitor MG132 and DMSO control in BC-3 sh-Control and sh-NF-kB cells (Fig 10D) . Interestingly, our results revealed that in KSHV positive cells NF-kB knockdown led to increased ubiquitination of SNAIL, which may explain the post-translational regulation of SNAIL by NF-kB in a KSHV positive background. A similar pattern was observed in sh-Control when compared to the NF-kB knockdown cells in DMSO treated cells, suggesting a role for NF-kB in SNAIL degradation (Fig 10D, compare lane 1 and 2 with 3 and 4) . These results strongly demonstrated the importance of NF-kB in SNAIL regulation in KSHV-infected cells. We also showed that LANA knockdown reduced the impact of the SNAIL inhibitor when compared to vector control which strongly suggests a critical role for LANA in SNAIL-mediated gene regulation during KSHV infection (Fig 10A-10D) . Furthermore, we also monitored Caspase3 cleavage in sh-Control and sh-Par3 in the presence and absence of LANA, and a SNAIL inhibitor (Fig 10E) . Surprisingly, the presence of LANA reduced Caspase3 cleavage in BJAB cells (Fig 10E) . However, the SNAIL inhibitor induced Caspase 3 cleavage in the presence as well as the absence of LANA (Fig 10E) . These results suggested that NF-kB is positively regulated by SNAIL whereas Caspase 3 is negatively modulated by SNAIL in KSHV positive cells. We have also seen the minimal variation of v-Flip and v-Cyclin in LANA knockdown BC-3 and JSC1 cells (S4A and S4B Fig) .
SNAIL inhibition induced E-Cadherin expression in KSHV positive cells
Previous results demonstrated that KSHV infection led to up-regulation of SNAIL and downregulation of E-Cadherin [29] . Moreover, SNAIL inhibition in KSHV positive BC-3 led to E-Cadherin upregulation providing a direct link between SNAIL and E-Cadherin regulation in KSHV positive cells (Fig 11B) . Earlier, we showed that knockdown of SNAIL led to downregulation of Par3 and upregulation of E-cadherin. Here we showed that by using a SNAIL inhibitor in vitro the expression of Par3 in BC-3 cells was dramatically reduced as seen by immunofluorescence (Fig 11A) . Additionally, E-cadherin signals by immunofluorescence was increased supporting our earlier studies above (Fig 11B) . Using cell fractionation assays, Par3 was selectively present in the nuclear compartment with LANA. However LANA knockdown in BC-3 cells lads to transfer of some of the Par3 signals in to the cytoplasmic fraction (Fig 11C) . Here GAPDH was used as a loading control for cytoplasmic fractions and H2A was used for the nuclear fraction (Fig 11C) . LANA was shown as a positive control for KSHV positive BC-3 cells.
Discussion
Kaposi Sarcoma (KS) is an endothelial tumor typically infected with HHV-8 [60] . Immunesuppression is tightly associated with KS development and remains the second most frequent tumor seen in acquired immune deficiency syndrome patients [61] . Earlier, it was suggested that Par3 functions as a potential "gatekeeper" to sustain the phosphoinositide concentration gradient in polarized cells [62] . Importantly, polarization is a crucial step towards progression Role of Par3 in KSHV Infection of epithelial cells to mesenchymal cells [24] . We evaluated several DNA damage markers known to be critical for viral induced oncogenesis. Surprisingly, Par3 which was shown to be important for cell polarization, was significantly upregulated in the presence of KSHV. We also found significant changes in Par3 levels with KSHV infection of primary B-cells at the transcript and protein levels. This expression increased as the infection progressed. Earlier, we established that KSHV lytic genes are essential for virus infection and increased from day 2 to 6 [63] . Further, in KSHV infected B-cell lines (BC-3 and BCBL1) and with BAC-KSHV infected cells a similar trend was observed compared to control. Interestingly, knockdown of LANA directly inhibited the basal expression levels of Par3 in KSHV positive cells. A prominent association was demonstrated between the 373-653aa residues of the LANA-N-terminal and Par3 when compared to C-terminal (611-1266aa) which had a much lower capacity to bind LANA. Furthermore, we showed a high degree of co-localization between LANA and Par3 in B-cells. These results suggest a possible functional regulation of Par3 by LANA in KSHV-infected cells.
Earlier studies from our lab and others demonstrated that LANA can regulate host proteins through protein stabilization or degradation during KSHV infection [64, 65, 66, 67] . To examine Par3 modulation in the presence of LANA we performed stabilization and dose-dependent assays. We observed that Par3 degradation was significantly delayed in the presence of LANA when compared to controls. Earlier studies showed that many cellular proteins are stabilized by LANA through a similar mechanism [68] . Furthermore, localization of proteins are directly linked to their functional roles and their pattern of expression are typically linked to their functional relevance [68] . Interestingly, Par3 is a large protein (180 kDa), which needs an active process to be transported to the nucleus for signaling [69] . Our results suggested that LANA induced Par3 translocation to the nucleus in KSHV-infected cells. We found a localization pattern in endogenously infected B-cells, where Par3 signals were peripheral in KSHV negative cells, compared to a predominantly nuclear signal in KSHV positive cell lines. This result was validated in KSHV infected PBMCs. Furthermore, Par3 knockdown led to arrest of cell proliferation and enhanced apoptosis. These results are similar to that observed for other well known oncoproteins strongly supporting a role for Par3 as an oncoprotein which contributes to KSHV-induced cell transformation [48] .
Pathogenic viruses have evolved mechanisms to disrupt adherence junctions, important for maintenance of the integrity of the endothelium [70] . This disruption of junctional barriers ensures that the viruses can gain entry through the open receptors in the basolateral membranes and so traffics to other tissues through the lymphatic and vascular networks [71] . Qian et al, demonstrated that KSHV infection induces vascular permeability by down-regulating VE-cadherin expression to allow virus entry into cells [11] . Moreover, KSHV-mediated aberrant vascular permeability likely stimulates virus replication, inflammation and angiogenesis, which enhances pathogenesis of KSHV-induced malignancies. Furthermore, loss of E-cadherin increases expression of MMPs, one of the hallmark for EMT progression [72] . However, how these EMT markers are modulated and functionally involved in B-cell associated lymphomas was not extensively explored. Recently, two separate studies from Lemma et al., and Tillo et al demonstrated the importance of EMT markers in B-cell lymphoma and mantle cell lymphoma respectively [21, 22] .
Therefore, evaluation of these EMT markers as crucial indicators of ECM stability and strength is an important component of the many cellular processes which contribute to KSHVinduced oncogenesis. ECM signaling modulated by LANA expressed from BAC-KSHV after infection showed that expression of E-cadherin was down-regulated in BAC-KSHV infected cells, whereas expression of SNAIL was enhanced. These results suggested a direct association between KSHV infection and EMTs. Additionally, we screened a series of EMT markers in Par3 knockdown B-cells. Surprisingly, the majority of epithelial markers were enhanced whereas mesenchymal markers were down-regulated. Moreover, SNAIL was dramatically modulated in Par3 knockdown, and virus infected B-cells. These results emphasizes the importance of SNAIL in KSHV-induced B-cell oncogenesis. We further corroborated the importance of SNAIL in KSHV infection in primary B cells by demonstrating that SNAIL is directly regulated by Par3 and LANA and can also deregulate E-cadherin for establishment of KSHV latent infection. During EMT, MMPs-mediated E-cadherin disruption is a determining process where E-cadherin is essential for transmitting signals to epithelial cells through catenin, SNAIL and Slug [73] . Furthermore, in gastric cancer SNAIL was shown to affect the invasiveness and migratory ability of cancer cells during metastasis [30] .
SNAIL is a zinc-finger transcriptional repressor, which directly represses E-cadherin through regulation of the E-cadherin promoter [74] . It is also recognized as an important regulator in various cancer including ovarian, non-small cell lung, gastric, hepatocellular, and urothelial [75, 76] . Moreover, SNAIL has been shown to induce VEGF and MMPs, well-established tumor invasion and metastasis markers [30] . In this study we found that SNAIL knockdown and its specific inhibitor diminished the expression of LANA suggesting a level of regulation also at the viral genome, as well as Par3, while E-cadherin was moderately enhanced in B-cells. We also demonstrated the importance of SNAIL as a transcription factor where it binds its own sequence within its promoter, as well as the promoter region of p21. Earlier, p21 down-regulation was shown to be important in Herpesvirus infection [31] . Although, NF-kB a well-known signaling molecule is enhanced in KSHV-induction, it is also reduced significantly in the presence of a SNAIL inhibitor in KSHV positive cells compared to KSHV or LANA negative cells, robustly supporting our hypothesis.
In this study we showed that LANA regulates Par3 activity and EMT markers important for metastasis of KSHV-infected cells. This is similar to other viral oncogenes like E6 of human papilloma virus (HPV) which also targets the cell-polarity proteins Dlg and Scrib for proteolytic degradation [77] . However, a study by McCaffrey et al demonstrated that in breast cancer Par3 was shown to be tumor suppressor [78] . In KSHV infection, LANA can therefore functions as a master protein which regulates both transcription and cell growth during metastasis of KSHV-infected cancer cells and can also modulate gene expression during KSHV latent infection [79] . Further, a large number of cellular and viral promoters are regulated by LANA through its repressing or activating activities [45, 48, 64] .
Overall, KSHV-infection results in expression of LANA which leads to induction of Par3 and SNAIL expression in B-cells. This enhances MMP9 expression and reduces E-cadherin levels (Fig 12) . Further, SNAIL binds to p21 and up-regulates NF-κB activities through induction of Caspase3 cleavage and suggests a potential mechanism through which LANA can regulate the EMT markers important for transition and invasion of KSHV-infected B-cells through the extracellular matrix (Fig 12) .
Materials and Methods
Ethics statement
PBMC were obtained from University of Pennsylvania Human Immunology Core (HIC) and donated by the healthy donors. This study was approved by University of Pennsylvania Human Immunology Core which maintains IRB protocol. In this IRB approved protocol declarations of Helsinki protocols were followed and each donor gave written, informed consent [48] . The mice studies were conducted under the project entitled "therapeutic small molecule inhibitors of EBV and KSHV". All six-week-old male NOD/SCID mice were purchased from (Jackson Labs, Bar harbor, ME, USA). The office of Laboratory Animal Welfare (OLAW) guidelines provided by National Institute of Health (NIH) USA, are strictly followed by the University of Pennsylvania Institutional Animal Care and Use Committee (IACUC). Our protocol number for this study was 804617 and we have adhered with all OLAW guidelines.
Plasmids, cells and antibodies
Par3 was cloned from human PBMCs. Primers with specific restriction enzyme sites for cloning in pA3HA vector was used for amplification of specific product for cloning. The pA3F-LANA expresses FLAG-tagged LANA. pA3M-LANA, pA3M-N-LANA and pA3M-GFP-C-LANA express Myc-tagged, full length LANA, N-terminal of LANA (1-340 AA) and C-terminal of LANA (930-1162) with GFP-tag respectively, and have been described previously [64] . For expression of GST fusion protein, cDNA from PBMCs was amplified using primers specific for Par3 amplicon and cloned in pGEX2T vector. An sh-SNAIL and control construct was provided by Dr. Gerhard Christofori (University of Basel, Basel, Switzerland). Sequences of all the constructs were verified by DNA sequencing (DNA sequencing facility, University of Pennsylvania). HEK-293 (human embryonic kidney cell line) was obtained from Jon Aster (Brigham and Woman's Hospital, Boston, MA). KSHV-negative Burkitt's lymphoma cells Ramos and BJAB were kindly provided by Elliot Kieff (Harvard Medical School, Boston, MA). BC3 and BCBL1 are KSHV-positive, lymphoma-derived cell lines obtained from the American Type Culture Collection (ATCC). JSC-1 cells is a latently infected KSHV B-lymphoma cell line, kindly provided by Richard F. Ambinder (John Hopkins, Baltimore, Maryland). Wild-type KSHV BACmid was a kind of gift from Shou-Jiang Gao (University of Texas, San Antonio, TX). KSHV-negative cell line Ramos, BJAB, and the KSHV-positive cell lines BC-3, BCBL1 and JSC-1 were cultured in RPMI 1640 medium with 10% bovine growth serum (BGS) with additional supplements as described previously [64] . Human embryonic kidney 293 (HEK-293) and HEK-293-BACKSHV cell lines were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 5% BGS, penicillin-streptomycin (5U/ ml and 5μg/ml, respectively), and 2 mM L-glutamine. Primary antibodies for SNAIL (H-130), MMP9 (SC-1609), E-cadherin (H-108), NF-kBp65 (SC-109) NF-kBp50 (SC-114), and Caspase3 (SC-7272) were purchased from Santa Cruz Inc. (Santa Cruz, CA, USA). Anti-Rabbit polyclonal Par3 (07-330) antibodies were purchased from Millipore (Massachusetts, USA). Hybridoma culture supernatants were used as sources of anti-Myc (9E10) and anti-LANA (LANA1). Mouse anti-FLAG monoclonal antibody (M2) was purchased from Sigma-Aldrich Corp., (St. Louis, MO).
KSHV virus production and transduction of PBMCs
Induction of KSHV from HEK-293-BACKSHV procedure were followed as described earlier [48] . The KSHV virus was collected by centrifugation at 23,500 rpm for 1.5 to 2 hr at 4°C by ultracentrifugation. KSHV-infection was performed by incubation of primary cells (PBMCs) with virus using 4 μg/ml polybrene in RPMI 1640 medium (10% BGS) and 5% CO 2 at 37°C for 3-4 hr. KSHV-infection was assessed by evaluating the expression of GFP using fluorescence microscopy.
Real-time PCR
Total RNA was isolated from experimental cells using TRIzol reagent Invitrogen Inc. (Carlsbad, CA) as per manufacturer's instructions. All procedures were followed as described earlier [39] .
Step-one Real-time PCR Cycler was used with the default program settings. A melt curve analysis was also performed to ensure the specificity of amplified products. Relative quantitation was carried out by the threshold cycle method. All reactions were set up in triplicates. Primers used in these studies are listed in Table 1 .
GST-pull down assays
For expression of GST and GST-fusion proteins, bacterial cultures were induced with 1 mM IPTG at log phase (OD600 = 0.6) and incubated with shaking at 37°C for 4 hr. E. coli BL21-DE3 cells were used for all transformation in this experiment. Bacterial lysis and purification of proteins with Glutathione-Sepharose beads were carried out as described earlier [39] . In brief, the cultures were pelleted at 3000 RPM for 10 minute and the pellets washed with STE buffer and resuspended in NETN buffer (100 mM NaCl, 20 mM Tris-Cl (pH 8.0), 0.5 mM EDTA 0.5% (v/v), Nonidet P-40). Dithiothreitol (DTT) and 10% Sarkosyl in STE buffer (100mM NaCl, 10 mM Tris, 1 mM EDTA) were mixed into the solution, and the sample was sonicated to solubilized the proteins. The lysates were collected by centrifugation and the supernatant transferred and followed by addition of Triton X-100 in STE and GlutathioneSepharose with rotation. GST-fusion proteins, bound to Glutathione-Sepharose beads were incubated with cell lysates to allow binding of GST-fusion protein with the target protein. After stringent washes the beads were boiled in SDS-sample loading buffer to allow denaturation and dissociation of bound proteins. Samples were centrifuged and the supernatant were subjected to SDS-PAGE fractionation followed by western blotting.
Co-immunoprecipitation (Co-IP) and western blot (WB) assays and analysis 25 million cells were used for immunoprecipitation (IP) of exogenously expressed proteins using specific mono or polyclonal antibodies as described earlier [39] . In brief, the cell lysates from experimental groups were incubated similar to controls with species specific IgG and beads as well as gene specific primary antibodies and beads. A mixture of Protein A/G-Sepharose beads (1:1) was used in these assays. For removal of non-specific binding, stringent washes were carried out with RIPA buffer. Further the conjugated beads were boiled in 4x SDS-sample loading buffer and subjected to SDS-PAGE gel for western-blot experiments. Western blot protocols and quantitation of bands were performed as described earlier [39] . The membrane was blocked with 5% skim milk in phosphate-buffered saline (PBS) for 1 hour, followed by incubation with the appropriate dilution of primary antibodies (in PBS) for 2 hour at RT. IR dyetagged secondary antibodies were used to detect the binding of primary antibodies, and the membrane was scanned using an Odyssey imager (LiCor Inc., Lincoln, NE). Quantitation of the protein bands was carried out using Odyssey scanning software.
Immunoflorescence (IF) assays and analysis
IF experiments were essentially carried out as described earlier [45] . In brief, experimental cells were washed two times with ice cold PBS. Four percent paraformaldehyde containing 0.1% TritonX-100 were used to fix and permeabilize the cells for next steps. Again cells were washed with ice cold PBS and blocked using freshly made 5% skim milk for 1 hr. For LANA and Par3 co-localization experiments, we used Ramos, HEK-293, BJAB, BCBL1, BC-3, JSC-1, BC-3-shControl, BC-3-shLANA and 293BAC-KSHV cells. HEK-293 and 293BAC-KSHV cells were used to evaluate the localization pattern for Par3, E-cadherin, SNAIL, MMP9 and LANA. All primary antibodies as mentioned earlier were used for specific staining in cells. Evaluation of nuclear staining with different sets of proteins were carried out with DAPI (4,6-diamidino-2-phenylindole). After being washed with PBS, coverslips were mounted on glass slides using mounting medium. An Olympus Fluoview 300 confocal microscope was used in all experiments.
RNA interference
pGIPZ vector was used for gene specific shRNA cloning. This vector was purchased from Open Biosystems, Inc. (Huntsville, AL). Oligos for shPar3 clone was designed against a unique region of Par3: 5' CAACAAGAAGACGCGAATC 3' and LANA: 5' GCTAGGCCACAACA-CATCT 3'. A shRNA sequence with no significant homology with other human mRNA was used as a sh-control and was described earlier [80] . To monitor the knockdown effect of SNAIL, we used shSNAIL and control shRNA as described previously [81] .
Stability assays
HEK-293, BJAB control and BJAB stably expression with LANA cells were used for this assay. In HEK-293, 36 hours post-transfection, cells were exposed to 40 μg/ml cyclohexamide (CalBiochem, Gibbstown, NJ) at given time points. For BJAB cells, 25 million cells were incubated with 100μg/ml cyclohexamide in normal serum medium. 20μM/ml MG132 concentration was used for treating the BJAB control and BJAB with stable expression for LANA. Subsequently, proteins were prepared at given time points and analyzed by immunoblotting with suitable antibodies. Odyssey Imager (LiCor Inc., Lincoln, NE) was used to measure band intensities.
Immunohistochemistry (IHC) assays
All procedures for IHC were followed as described earlier [48] . Paraffin-embedded tissues were sectioned at the New Bolton Center, Animal Pathology Service, University of Pennsylvania School of Veterinary Medicine. Slides were deparafinized in Xylene. Treatment with H 2 O 2 was followed by antigen retrieval in sodium citrate buffer (pH 6.0), and samples were blocked with 10% normal rabbit/goat serum prior to incubation with primary antibodies O/N at 4°C. Further procedures were followed as described earlier [48] . In brief, evaluation of nuclear staining was carried out with DAPI (4,6-diamidino-2-phenylindole) in mix with secondary antibodies for 1 hour at RT. After being washed with PBS, coverslips were mounted on glass slides using mounting medium. An Olympus Fluoview 300 confocal microscope was used in all experiments.
Colony formation assays
HEK-293 cells with pGIPz-shControl, pGIPz-shPar3 and vector control or LANA plasmids were transfected and placed in petri dishes and grown in culture medium containing puromycin and G418 antibiotic selection (2μg/ml). All procedures were followed as reported earlier [39] . Culture medium with antibiotics were replaced every alternate day. After two weeks in culture, cells were washed with PBS and fixed in 4% PFA for 30 minutes at room temperature in the dark. Cells were stained with 0.1% crystal violet (Sigma-Aldrich Corp., St. Louis, MO). Plates were washed to remove non-specific color and photographed using an Odyssey scanner (LiCor Inc., Lincoln, NE). The number of colonies are representated as a percentage using Image J software (National Institutes of Health, Bethesda, MD).
Colony growth assays
HEK-293 cells with pGIPz-shControl, pGIPz-shPar3 and vector control or LANA plasmids were transfected and placed in petri dishes and grown in culture medium. BC-3 and BCBL1 cells with pGIPz-shControl and pGIPz-shPar3 were transfected and placed in T25 flask and grown in culture medium in 6 well plates. 48 hour post transfection 50,000 cells were plated for day1, day2 and day 3 analysis. According to time points, cells were washed with PBS and fixed in 4% PFA for 30 minutes at room temperature in the dark. Cells were stained with 0.1% crystal violet (Sigma-Aldrich Corp., St. Louis, MO). Plates were washed to remove non-specific color and photographed using an Odyssey scanner (LiCor Inc., Lincoln, NE). B-cells were subjected to scan directly after completion of time points. The number of colonies are representated as a percentage using Image J software (National Institutes of Health, Bethesda, MD).
Cell cycle and apoptosis assays
Stable cell line for sh-control and sh-Par3 in HEK-293 cells were used in this study. Before harvesting an equal number of cells were kept with 0.1% serum with culture medium for 12 hr. Further cells were harvested by trypsinization, washed three times with PBS and fixed in 1:1 ratio of methanol: acetone for 12 hr at 4°C. Cells were incubated with 200 μg/ml of RNase A and kept in the -20°C freezer for 3 hr. Cells were then stained with propidium iodide (PI) 40 μg/ml (Sigma, St Louis, MO) and dissolved in PBS containing at least 1 hr at 4°C in the dark. In etoposide treated experiment, cells were incubated with etoposide (20 μM/mL) for 12 hr and a similar protocol followed as described for serum starved cells. Cells in different cell cycle phases with appropriate controls were differentiated through FACS Calibur (BD Biosciences, San Joe, CA) and the results were assessed by the FlowJo software (Tree star, Ashland, OR).
Proliferation assays
HEK-293 cells were transfected using Ca 3 (PO4) 2 method as described [82] . Twenty four hour post transfection, cells were selected using puromycin (2μg/ml) added to the culture media. Approximately 0.1 million cells from both sets of samples were plated into each well of the 6-well plates and cultured for 6 days. All procedures were followed as described earlier [80] . BC-3 and BCBL1 cells with pGIPz-shControl and pGIPz-shPar3 were transfected and placed in T25 flask and grown in culture medium. 48 hour post transfection cells were counted with Trypan blue dye on days dependent manner.
Luciferase reporter assays
Reporter assays were essentially performed as described previously [49] . In brief, plasmid mixes were prepared according to experiments, and control plasmids were added as needed to normalize the amount of total DNA. Following transient transfection, cells were incubated for 48 hours and lysed in reporter lysis buffer (Promega Inc., Madison, WI). Aliquots of the lysates were transferred to 96-well plates, an luciferase activity monitored as described earlier [49] .
Ubiquitination assays
Thirty million BC-3-shControl and BC-3-shLANA cells were immunoprecipitated with 1 μg of anti-Par3 antibody and Western blotted with anti-ubiquitination, Par3, LANA, and GAPDH antibodies. Cells were incubated for 12 h with 50 μM MG132 (Santa Cruz, Inc., Dallas, Texas). All procedures were followed as described earlier [49] . Thirty million of BC-3-shControl and Bc-3-shLANA were immunoprecipitated with 1 μg of anti-SNAIL antibody and Western blotted with anti-ubiquitination, SNAIL, LANA, and GAPDH antibodies.
In vivo: Analysis of Par3 and SNAIL expression
Six-week-old male NOD/SCID mice (Jackson Labs, Bar harbor, ME, USA) were acclimatized for one week and divided into two groups (5 mice per group). Representative pictures of results are shown in Fig 7. Five mice were injected with BC-3 (KSHV positive cells) and other five mice were injected with BJAB (KSHV negative cells) cells intraperitoneally. Prior to injection, each mouse was anesthetized by intraperitoneal administration of ketamine (80mg/kg) and xylazine (5mg/kg) mixture. Five weeks later, mice from all groups were euthanized when the tumor size grew to more than 15 mm in size. All mice were necropsied to determine gross metastases. Tumors were preserved in 10% formalin for histopathology, mRNA and protein extraction and antigen detection.
Chromatin immunoprecipitation (ChIP)
Chromatin immunoprecipitation (ChIP) was carried out as has been described earlier [49] . Briefly, after the cells were fixed with formaldehyde, cells were washed with cell lysis buffer. Followed by nuclei isolation and sonication in the nuclear lysis buffer to an average DNA length of 300-700 bp, as confirmed by agarose gel electrophoresis. Samples were precleared with salmon sperm DNA-protein A-Sepharose slurry for 1 hr at 4°C with rotation. Twenty percent of the total supernatant was saved for input control, and the remaining 80% was divided into two fractions and incubated with (i) control antibody (Sigma, Inc., St. Louis, MO) or (ii) Poly-clonal anti-Rabbit Par3 antibody. The precipitated immune complex was washed for stringency, reverse cross-linked, and purified using a phenol: chloroform extraction method.
SNAIL inhibitor analysis
A p53-Snail binding Inhibitor, GN25 from CalBiochem (Merck K Darmstadt, Germany) was purchased and used in this study. SNAIL inhibition study was followed as described in an earlier study [83] . It has been demonstrated that p53 is suppressed and eliminated from cells by direct binding with oncogenic K-Ras-induced SNAIL [82] . Further they generated specific inhibitors against p53-Snail binding (GN25). This chemicals can induce p53 expression. Moreover, GN25 can selectively activate wild-type p53 in p53WT/MT cancer cells. In vivo xenograft test also supports the antitumor effect of GN25.
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